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ABSTRACT
We have developed a Lewis-acid catalyzed, diastereoselective aza-Cope rearrangement—
Mannich cyclization (ACM) to form acyl pyrrolidines from conformationally mobile substrates.
Earlier studies from our lab have shown that substituted acyl pyrrolidines can be synthesized
with diastereoselectivity of 50:1 trans to cis, and that unsubstituted pyrrolidines can be
synthesized with 13:1 enantioselectivity. This study attempted to observe the stereochemical
outcomes of the ACM for disubstituted pyrrolidine systems using oxazolidine starting materials.
A proof of concept dimethyl-substituted oxazolidine was subjected to ACM conditions,
producing the pyrrolidine with good yields. However, when methyl-phenyl substituted
oxazolidine was subjected to ACM conditions, undesired byproduct was formed. We believe that
the requisite iminium cation for the ACM reaction is quite stable, causing an unusually high azaCope activation barrier and allowing for an undesired pathway to be favored. Destabilization of
the iminium cation intermediate via an electron withdrawing group may allow for the reaction to
proceed. Enantiomeric control of dimethyl substituted oxazolidine was also observed. Under
ACM conditions, 8.5:1 beta to alpha selectivity was observed with good yields. This work
emphasizes the ability of the ACM reaction to produce stereoselective pyrrolidine products.
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I. Introduction
Substituted pyrrolidines are common backbone structures that are found in many
different pharmaceuticals and are well known for their biological activities [1]. Lincomycin 1 is
a commercial antibiotic that is commonly used for patients who are allergic to penicillin [2].
Darifenacin 2 is a pharmaceutical that is currently on the market for the treatment of urinary
frequency, urinary incontinence, and overactive bladder. Specifically, darifenacin blocks the M3
muscarinic acetylcholine receptor, decreasing the urgency to urinate [3]. FR901483 3 is an
immunosuppressant that allows for lower dosages of common pharmaceutical
immunosuppressants, such as cyclosporine A, by utilizing a different mechanism of action
(Figure 1) [4].

Figure 1. Common pharmaceuticals that contain pyrrolidines
Because of the significant number of biologically relevant molecules that contain
pyrrolidines, it is important to have a method to stereoselectively synthesize a variety of these
compounds with high yields. Research has shown that substituted pyrrolidines can be
synthesized stereoselectively using the aza-Cope rearrangement—Mannich cyclization (ACM)
[5,6].
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There are two different methods of producing a pyrrolidine using the ACM reaction
(Scheme 1). The first is by condensing amino alcohol 4 and aldehyde 5 to form iminium cation
7. After the aza-Cope step, intermediate 8 is formed, leading to the formation of the final product
pyrrolidine 9 after Mannich cyclization. The second pathway involves the formation and
isolation of oxazolidine 6 which is then ionized to form iminium cation 7. Because the
oxazolidine reacts under milder conditions than those required for the condensation pathway, its
use allows for the potential for better stereoselectivity because the rearrangement reaction can be
carried out at lower temperatures [6]. This might be advantageous because at lower temperatures,
there is less energy available to access higher energy conformations that could lead to multiple
stereoisomers. This study utilizes the oxazolidine pathway in an effort to achieve maximum
stereoselectivity [7].
Scheme 1

The goal of this study was to observe the enantioselectivity and diastereoselectivity of the
ACM reaction leading to substituted pyrrolidine targets. Specifically, this study explored the
minimum steric requirements for diastereoselectivity and the ability to improve upon previous
work on chirality transfer through the use of additional substitution on the pyrrolidine ring.
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II. Literature Review
This review focuses on the enantioselectivity of the aza-Cope—Mannich cyclization
reaction. Enantioselectivity occurs by chirality transfer either from a chiral auxiliary used as an
amine protecting group, or from another chiral carbon on the substrate. Either of these is
typically combined with the presence of a ring that prevents stereoisomer formation by
restricting carbon-carbon bond rotation of reaction intermediates. As will be discussed in this
literature review, previous research on chirality transfer in the ACM is limited to rotationally
constrained molecules. By contrast, our study examines chirality transfer in conformationally
mobile systems.
Overman utilized a chiral auxiliary in combination with a ring to enantioselectively
synthesize a precursor for (-)-pancracine using a boron trifluoride-mediated ACM reaction [8]
(Scheme 2).
Scheme 2

The selectivity of the reaction is most probably due to chirality transfer from the carbinol
carbon. This is presumably made possible by the bicyclic ring structure associated with the
oxazolidine, which prevents free rotation of the molecule. This can be shown by the chair
structures of the iminium cation intermediates before and after the ACM sequence (Scheme 3).
Carbon-carbon bond rotation of iminium cation 3 is restricted by the five-membered ring. After
the aza-Cope, rotation of cation 4 is restricted by the formation of a rigid, nine-membered ring
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allowing for complete stereoselectivity for pyrrolidine 2. While this explanation is the most
probable cause of chirality transfer, it is noteworthy that this study did not rule out transfer chiral
auxiliary from the amine protecting group.
Scheme 3

Using a very similar substrate, Belov was able to answer this question by demonstrating that the
chiral auxiliary is not needed for chirality transfer [9]. This was accomplished by performing the
ACM reaction using two amino alcohol diastereomers that both contained a chiral auxiliary with
the same absolute stereochemistry (Scheme 4). If the auxiliary were responsible for chirality
transfer, the same pyrrolidine stereoisomer would be observed for both reactions. However, if the
chirality transfer originated at the carbinol carbon were responsible for chirality transfer, the
formation of pyrrolidine 6 from amino alcohol 5 and of pyrrolidine 8 from amino alcohol 7
would be observed. Again, one may assume that the presence of the six-membered ring restricts
rotation that would result in racemization. The latter outcome was observed, demonstrating that
chirality transfer was independent of the chiral auxiliary.
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Scheme 4

The Overman group also attempted chirality transfer without use of a chiral auxiliary,
noting the lack of selectivity without a ring to restrict carbon-carbon bond rotation (Scheme 5)
[10-11]. With no ring present to restrict rotation and allow for chirality transfer, the ACM
reaction of oxazolidine 9 produced a racemic mixture of pyrrolidines 15 and 17. After the
formation of the iminium cation 10, intermediate 14 is formed via aza-Cope rearrangement,
which could then undergo Mannich cyclization to give the expected pyrrolidine 15. However,
carbon-carbon bond rotations could invert the prochiral faces of the C-N and C-C double bonds
of cation 14, forming cation 16 which, upon cyclization, forms pyrrolidine 17. Because a racemic
mixture of pyrrolidines 15 and 17 is observed, the C-C bond rotation must occur faster than the
Mannich cyclization step. Carbon-carbon bond rotation after the formation of iminium cation 10
to form cation 11 would have resulted in the formation of pyrrolidine 13, but was not observed.
Because this isomer was not observed in the product mixture, one may conclude that this carboncarbon bond rotation must be slower than the aza-Cope step, and that bond rotation is only
occurring after the aza-Cope reaction and immediately before the Mannich cyclization.

5

Scheme 5

By contrast, Overman achieved chirality transfer in the absence of a chiral auxiliary by
incorporating a cyclopentane into the backbone of amino alcohol 18, preventing the
intermediates from free rotation. Under the reaction conditions, amino alcohol 18 forms iminium
cation 19 via silver-mediated elimination of cyanide anion (Scheme 6). Again, the fivemembered ring prevents carbon-carbon bond rotation (cf. Scheme 3) that would cause inversion
of prochiral faces and subsequent racemization. Accordingly, the aza-Cope reaction selectively
forms cation 20, which cyclizes to give pyrrolidine 21. This particular aza-Cope—Mannich
sequence is interesting because it is the only known example of “spontaneous regeneration of
chirality” [12] in the ACM reaction. Specifically, although intermediate 20 has no chiral centers,
it exists in a chiral conformation that cyclizes to enantioselectively form pyrrolidine 21, thus
“spontaneously regenerating” chirality.

6

Scheme 6

Contrary to Overman’s and Belov’s work, the Agami group was able to utilize a chiral
auxiliary to prepare a single isomer 27 from a 50:50 mixture of amino alcohols 22 and 23
(Scheme 7) [13-16]. The chiral auxiliary controls the stereochemistry of the reaction by favoring
one conformation of iminium cation 25 over the other.
Scheme 7

Iminium cations 28 and 31 both contain the same absolute stereochemistry at the
stereogenic center on the chiral auxiliary (Scheme 8). However, the configuration of the
auxiliary dictates which of the two reactive chairs will be more energetically accessible.
Iminium cation 28 has greater steric strain because the large phenyl group is directed into the
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chair, causing a large 1,3-diaxial interaction. Presumably due to this steric strain, iminium cation
28 is not accessible and pyrrolidine 30 is not observed. On the other hand, iminium cation 31 is
oriented to allow the phenyl group to be directed away from the chair, significantly decreasing
the 1,3-diaxial interaction. This conformation results in the observed pyrrolidine 27 [5-8].
Scheme 8

There is only one report in the literature of chirality transfer in the ACM without a ring to
enforce conformational rigidity (Scheme 9) [17]. In one case, Overman observed four
stereoisomers but with some diastereo- and enantioselectivity. He was able to achieve a 9:1 ratio
of pyrrolidine enantiomers 34 and 35 at room temperature with a 68 – 78% yield. Diastereomeric
pyrrolidines 36 and 37 were also formed as minor products as a 9:1 ratio of enantiomers. These
results show that pyrrolidine 34 is selectively formed. However, there are several pathways that
allow for formation of isomers when chair reactive conformations are considered (vide infra).
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Scheme 9

From oxazolidine 34, two conformations of the iminium cation may be formed
(intermediates 38 and 43). These intermediates differ in the orientation of the benzyl substituent,
specifically whether the substituent is in the equatorial vs. axial position, respectively. After the
aza-Cope step, Mannich cyclization could occur directly to form either pyrrolidine 42 or 45,
depending on the initial iminium cation geometry. Either of these could undergo epimerization
by tautomerism to give pyrrolidines 37 and 34. In addition, C-C bond rotation before the
Mannich cyclization would allow for the formation of intermediates 40 and 46. After undergoing
the Mannich cyclization to form pyrrolidines 41 and 47, epimerization could occur to give
pyrrolidines 35 and 36. Observed products are boxed (Scheme 10). It is important to note that
while pyrrolidine 34 is selectively formed, products from all of these different pathways are
observed as a result of this reaction.
9

Scheme 10

Similarly, when oxazolidine 48 was subjected to acidic conditions, some
enantioselectivity (9:1, 61% yield) for pyrrolidine 49 was observed, with other isomers present in
the reaction mixture (Scheme 11). Stereoisomers 51, 52, and 53 were present in a combined 26%
yield (diastereoselectivity not reported).
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Scheme 11

Several rotational isomers are accessible in this ACM pathway as well (Scheme 12).
While iminium cation 54 is likely favored for steric reasons, cation 57 may be present as well.
Carbon-carbon bond rotation after the aza-Cope step may occur as shown previously.
Stereoselectivity is observed for the major product pyrrolidine 49, but many different rotational
isomers are accessible as the formation of three additional pyrrolidines indicates. Observed
products are boxed (Scheme 12). In summary, the product mixtures suggest that multiple
reaction pathways are operating. This results in a very complicated stereochemical analysis. To
better understand factors affecting stereoselectivity in the ACM reaction of a conformationally
mobile substrate, it is necessary to utilize a much simpler system that minimizes the number of
products arising from bond rotations and/or epimerizations.

11

Scheme 12
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As was demonstrated by the preceding literature review, studies on chirality transfer in
the ACM reaction are mostly confined to substrates that contain rings that limit carbon-carbon
bond rotations of intermediates. Enantiomeric control in the ACM reaction of simple,
conformationally mobile substrates has not been accomplished. With the exception of the
example from the Agami group [13-16], chirality transfer from a chiral auxiliary is equally
unexplored. Further, the effect of oxazolidine (ACM substrate) substitution on selectivity is also
unknown. The main goal of this project was to observe if enantiomeric control of small,
substituted ACM systems is possible through the use of chiral auxiliaries.

III. Results and Discussion
A. Diastereoselectivity of the ACM
The two main goals of this project were to optimize both the enantioselectivity and
diastereoselectivity for the aza-Cope rearrangement—Mannich cyclization reaction leading to
2,2-disubstituted pyrrolidines. Enantioselectivity in ACM reactions of small, substituted
substrates is relatively understudied and additional information on the function of chiral
auxiliaries as enantiomeric control elements for these systems is needed. Due to the similarities
in the preparation of ACM starting materials for enantioselectivity and diastereoselectivity
studies (vide infra), pursuit of both of these goals seemed reasonable.
Previous research in the Lindsay group has shown that the size of the amine protecting
group and oxazolidine substituents affect the stereoselectivity of the ACM reaction leading to
2,4-disubstituted pyrrolidines (Table 1) [18]. Greater than 50:1 trans to cis selectivity was
achieved for the ACM reaction of oxazolidine 1 containing a benzhydryl protecting group (R1 =
Ph) along with a phenyl or ethyl in the R2 position (Entries 1 and 2). However, using a smaller
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benzyl protecting group (R1 = H) resulted in a 1:1 ratio with an ethyl substituent and (entry 3) a
2:1 ratio with a larger phenyl substituent at R2 (entry 4).
Table 1. Stereoselectivity in the ACM reaction of monosubstituted oxazolidines.

Diastereoselectivity can be predicted accurately by examining the relative steric
hindrance that would occur in possible chair-like reacting conformations (Scheme 13) [7]. When
the amine protecting group is small, intermediate 5 is favored as the large iminium cation
substituent occupies the equatorial position to avoid steric interactions with axial hydrogens.
This conformation results in the formation of pyrrolidine 7. However, when the protecting group
is large, iminium cation 8 is favored as the larger substituent is forced into the axial position to
avoid an unfavorable steric interaction with the protecting group. This conformation will result in
the formation of pyrrolidine 10. In the examples reported above (Table 1), the large benzhydryl
protecting group forced the phenyl or ethyl iminium cation substituent into an axial orientation,
leading to pyrrolidines 2. In these examples, the “large” iminium cation substituent was phenyl
or ethyl, while the “small” substituent was a hydrogen. One of the main goals in this work was
to determine the change in diastereoselectivity as the size difference between the two
14

substituents becomes smaller. For example, what is the difference in selectivity for the ACM of
an iminium cation with a large phenyl group and a small methyl group compared to that when
the small group is a hydrogen? Is the selectivity significantly lower? What is the minimum size
difference required for synthetically useful diastereoselectivity?
Scheme 13

While 2,4-disubstituted pyrrolidines are useful synthetic building blocks, a number of
molecules with interesting biological and pharmaceutical properties contain 2,2-disubstituted
acyl pyrrolidines [4]. To access these molecules, Overman has used the ACM reaction to
synthesize several different 2,2-disubstituted acyl pyrrolidines (Table 2) [19]. However, in all
but one of the cases the oxazolidines were substituted with the same two groups (entries 1-3,6,7),
which made the question of diastereoselectivity irrelevant. In a single case the substitution was
not symmetrical but the selectivity was not reported (entry 5). As these are the only examples of
ACM reactions leading to 2,2-disubstituted-4-acyl pyrrolidines, stereoselectivity in these
reactions has not been investigated. Additionally, these pyrrolidines were synthesized using
camphorsulfonic acid (CSA) and the oxazolidine N-alkyl group, when present, was not sterically
15

demanding. By contrast, our typical conditions (cf. Table 1) use BF3OEt2 to ionize an
oxazolidine that features a large amine protecting group. Because of these key differences, we
recognized the need for a model system that would demonstrate the viability of our procedure for
these new substrates.
Table 2. Previously reported ACM reactions of 2,2-disubstituted oxazolidines [19]

In order to test the model system and to eventually evaluate the steric requirements for
selectivity in the ACM reaction, the requisite oxazolidines had to be prepared (Scheme 14). The
first step of oxazolidine synthesis was the preparation of amino alcohol 15 by the reaction of
amine 13 with epoxide 14 according to a known procedure [20]. Amino alcohol 15 was then
treated with 2,2-dimethoxypropane 17 and Sc(OTf)3 for 72 hours at 90 °C to synthesize
oxazolidine 18 in moderate yield [21]. This benzhydryl-protected, 2,2-disubstituted oxazolidine
would serve as a useful model substrate for the ACM reaction of more densely substituted
oxazolidines.
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Scheme 14

The ACM reaction of oxazolidine 18 was then optimized by varying the temperature,
reaction time, and equivalents of BF3OEt2 (Table 3). When oxazolidine 18 was subjected to
ACM conditions using one equivalent of BF3OEt2 at 70 ºC overnight, excellent conversion to
pyrrolidine 19 was observed (entry 1). When the same conditions were used for three hours,
excellent conversion occurred, indicating that the reaction is occurring quickly and does not
require long reaction times (entry 2). Good conversion occurred when the reaction was heated to
40 ºC overnight (entry 3). This experiment is important as a proof of concept because ACM
reactions at lower temperatures often give better selectivity [22]. While this particular reaction
does not address stereoselectivity, the results indicate that it is possible to carry out ACM
reactions on these substrates at relatively low temperature while still obtaining good conversion.
Likewise, good conversion was still observed when 0.5 equivalent of BF3OEt2 was used,
revealing that the BF3OEt2 catalyst is being recycled in the reaction (entry 4). However, a room
temperature ACM reaction resulted in much lower conversion (entry 5). Nonetheless, this result
demonstrates that this reaction might be completed at room temperature if longer reaction times
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were allowed, which bodes well for addressing selectivity issues in reactions of other substrates
(vide infra). Most importantly, these results demonstrate that a BF3OEt2-mediated ACM reaction
can be accomplished using a benzhydryl-protected, 2,2-di-substituted oxazolidine.
Table 3. Optimizing the ACM reaction of oxazolidine 18

We then turned our attention to the ACM reaction of unsymmetrically substituted
oxazolidines to investigate diastereoselectivity. Based on the successful ACM of the dimethyl
substituted oxazolidine, we began our investigation by preparing starting materials using similar
reaction conditions. Preparation of the requisite acetal was necessary before proceeding to the
oxazolidine formation reaction (Scheme 15). Acetal 22 was synthesized using trimethyl
orthoformate 21 and acetophenone 20 with sulfuric acid in good yield according to a known
procedure [23].
Scheme 15
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Amino alcohol 15 and acetal 22 were then treated with p-toluenesulfonic acid to
synthesize oxazolidine 23. Originally, identical conditions were used for the preparation of
oxazolidine 23 as were used for the synthesis of oxazolidine 18. While initially this reaction
proved successful utilizing Sc(OTf)3 in dichloroethane (entry 1, Table 4), subsequent reactions
afforded poor conversion. The addition of excess dimethoxyethyl benzene along with an increase
in the amount of Sc(OTf3) used resulted in no reaction or poor conversion (entries 2 – 3 ). With
the hope of avoiding subsequent hydrolysis from adventitious water entering the reaction flask
over time, we reduced the reaction time from 168 to 24 hours, but this simply resulted in poor
conversion (entry 4). However, we found that when TsOH was used with toluene for 96 hours at
110 °C, consistently good conversion was achieved (entry 5). Purification of oxazolidine 77
proved difficult, and required a two-step procedure involving both column chromatography and
distillation. An initial flash chromatography column was used to purify product from both the
amino alcohol starting material and the acid catalyst. Removal of the acetal required distilling the
product for three hours at high temperatures. Even though this two-step method was needed for
purification, good yields were still obtained.
Table 4. Optimizing the synthesis of oxazolidine 23
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The ACM was then performed on oxazolidine 23 in an attempt to synthesize pyrrolidines
24 (Table 5). Optimized conditions from the proof-of-concept reaction described above were
used (Table 3, entry 5), but other trials varying the temperature, time, and equivalents of Lewis
acid were also attempted (Table 5). Unfortunately, synthesis of the desired pyrrolidine was not
obtained under any reaction conditions. Instead, reactions carried out at room temperature and 40
ºC (entries 1 and 3) showed the formation of a byproduct. Reaction temperatures were then
increased to determine whether more forcing conditions could allow for pyrrolidine 24 formation
(entries 5 – 9). Reducing the amount of BF3OEt2 to 0.5 eq and carrying out the reaction at room
temperature (entry 2) resulted in solely recovered starting material, while raising the reaction
temperature resulted in a complex mixture (entry 4). Finally, increasing the equivalents of
BF3OEt2 to 5 eq produced the byproduct as well (entry 7). It is important to note that large
acetophenone signals were observed in each 1H NMR spectrum in which byproduct was present.
This is consistent with our proposed mechanism for its formation (vida infra).
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Table 5. Attempts at ACM reaction of phenol substituted oxazolidine 23

Several Lewis acids were screened as we attempted the ACM reactions of oxazolidine 23
(Table 6). Using AlCl3 as the acid resulted in the formation of a complex mixture (entry 1). Use
of FeCl3 (1 or 1.5 eq) resulted in byproduct formation (entries 2 and 3). The use of BF3OEt2 also
resulted in the byproduct formation (entry 4), which was consistent with previous results (Table
5, entries 1, 3, 5 – 9). The use of the Bronsted acid camphorsulfonic acid (CSA) (Table 6, entry
5) caused the hydrolysis of the oxazolidine to amino alcohol 15. Again, each 1H NMR spectrum
contained large acetophenone signals, which is consistent with our proposed mechanism for
byproduct formation (Scheme 16).
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Table 6. Acid screening of ACM of oxazolidine 23

Scheme 16
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After analyzing the byproduct by NMR spectroscopy and mass spectrometry, we have
identified it as dihydropyrrole 25 [24] and have proposed a possible route for its formation
(Scheme 16). After BF3 coordinates to the oxazolidine 23 forming activated oxazolidine 26, two
reactions can occur. Intermediate 28 could be formed via cleavage of the O-C2 bond (see scheme
for numbering). This intermediate would lead to the formation of desired yet unobserved
pyrrolidine 24. Alternatively, intermediate 27 could be formed if the O-C4 bond is ionized. This
structure can cyclize to form dihydropyrrole 25 with the loss of acetophenone. This byproduct is
consistent with spectroscopic data and with the presence of acetophenone signals as a
contaminant in the 1HNMR spectrum of the reaction mixture.
It is plausible that the formation of byproduct 27 is due to the stability of iminium cation
28. Because iminium cation 28 is stabilized by both resonance and hyperconjugation, it may
have an unusually high aza-Cope activation barrier. The use of an electron withdrawing group
on the aryl substituent may allow for the reaction to proceed as desired by destabilizing the
iminium cation in the system. This will be the subject of future research in the Lindsay group.

B. Enantioselectivity of the ACM
The role of chiral auxiliaries in asymmetric aza-Cope—Mannich reactions of
conformationally mobile oxazolidines has been examined by the Lindsay group. Previous
research has shown that a 50:50 ratio of unsubstituted oxazolidine diastereomers, featuring the
same absolute stereochemistry for the chiral auxiliary, resulted in 1.5:1 selectivity (Scheme 17)
[25]. If the chiral auxiliary were exerting any substantial stereochemical influence, a larger
difference in the stereochemistry of the products would be expected.
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Scheme 17

It has also been shown that a single isomer of the oxazolidine 29 preserves some of its
stereochemistry during the ACM (Table 7) [26]. When 5 eq or 1 eq of BF3OEt2 were used,
reasonable conversions were obtained with 5:1 selectivity (entries 1 and 2). However, when the
mole percent of BF3OEt2 was lowered to 25 mole percent, the selectivity increased to 9.8:1 with
comparable conversion (entry 3). When the amount of BF3•OEt2 was further reduced to 0.1 eq,
13:1 selectivity was achieved with high conversion to product (entry 4). Further reducing the
amount of BF3•OEt2 to 0.05 eq resulted in the same selectivity, although with only 43%
conversion to product (entry 5).
Table 7. Chirality transfer in the ACM of a simple oxazolidine
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From the data, it is clear that the chiral auxiliary plays a minimal role in
diastereoselectivity. In any case, significant carbon-carbon bond rotation does not seem to be
occurring in this system as evidenced by the high diastereoselectivity in some cases (entries 4,5)
(Scheme 18). Specifically, after the formation of iminium cation 35, the aza-Cope step can
proceed without carbon-carbon bond rotation to produce cation 36, which will lead to pyrrolidine
33. Carbon-carbon bond rotation of iminium cation 35 would lead to iminium cation 37. After
the aza-Cope step, intermediate 38 would be formed, which would lead to the formation of
pyrrolidine 34, which is observed as a minor product (ca. 7%) in the optimized reaction (entry 4).
Scheme 18

We hypothesized that further substitution of oxazolidine ring might increase the barrier to
carbon-carbon bond rotation, thereby increasing the selectivity. To test this hypothesis, amino
alcohol starting material was prepared by treating amine 39 with epoxide 14 (Scheme 19). After
chromatographic separation of the diastereomers, pure amino alcohol 40 was subjected to the
previously described conditions with dimethoxy propane (cf. Table 4, entry 5) to produce
oxazolidine 43.
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Scheme 19

Oxazolidine 43 was then subjected to ACM conditions to produce pyrrolidines 44 and 45
(Table 8). When treated with a full equivalent of BF3•OEt2 at 40 °C for 24 hours, 15:1 selectivity
for 44 was obtained with 11% conversion (entry 1). However, when the temperature was
increased to 120 °C in an effort to increase conversion (entry 2), the selectivity of the reaction
decreased dramatically with only 45% conversion to product. The reaction was run at 70 °C for
24 hours (entry 3), which, surprisingly, resulted in much better conversion with better selectivity
at higher temperatures (cf. entry 2). This demonstrates the reproducibility issues with conversion.
To determine if a lower catalyst loading would improve selectivity as in previous examples (cf.
Table 7), oxazolidine 43 was treated with 0.5 eq BF3OEt2. Interestingly, conversion dropped to
50% and almost all selectivity was lost (entry 4). Changing the reaction time to 3 hours and 1
hour while using 1 eq of BF3OEt2, as shown in entries 5 and 6, showed no loss of conversion
compared to 24 hours (entry 3) but yielded better selectivity. This indicates that the reaction is
occurring quickly, and suggests that epimerization leading to lower selectivity may be an issue at
these higher temperatures and longer reaction times.
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Table 8. ACM reaction of 2,2-dimethyl substituted oxazolidine 43

This information challenges our hypothesis that additional substitutions on the
oxazolidine ring would increase the selectivity of the ACM leading to 2,2-disubstituted
pyrrolidines. While slightly better selectivity of 15:1 was achieved in comparison to the
unsubstituted system where the maximum selectivity was 13:1 (cf. Table 6), conversion was
much lower. When conditions were used that allowed for more conversion to product, selectivity
was decreased dramatically. More exploration is required to determine the optimal conditions for
selectivity and conversion.

IV. Conclusions
Previous research from the Lindsay lab has shown that monosubstituted acyl pyrrolidines
can be synthesized stereoselectively using the aza-Cope—Mannich reaction. However, to our
knowledge, no one has investigated the stereoselectivity of ACM reactions leading to 2,2disubstituted acyl pyrrolidines.
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Consequently, this study attempted to investigate the stereochemical outcome of the
ACM leading to 2,2-disubstituted pyrrolidine using oxazolidine starting materials. A proof of
concept dimethyl-substituted oxazolidine was subjected to ACM conditions, producing the
corresponding pyrrolidine with good yields. However, when a 2-methyl-2-phenyl substituted
oxazolidine was subjected to ACM conditions, an undesired dihydropyrrole byproduct was
formed. We believe that the overall stability of the initial iminium cation is causing an undesired
pathway to be favored, resulting in the production of the dihydropyrrole. Destabilization of the
iminium cation by the incorporation of an electron withdrawing group may allow for the ACM
reaction to proceed. Future work involving the formation of other disubstituted oxazolidines
would be required to test this hypothesis.
Enantiomeric control of a dimethyl-substituted oxazolidine was also investigated. Under
ACM conditions, 8.5:1 stereoselectivity was observed with good yields. While the selectivity is
not as high as was the case for ACM reactions of less substituted oxazolidines, further reaction
optimization could lead to some improvements. Nonetheless, this work demonstrates the ability
of the ACM reaction to use substrate chirality transfer to stereoselectively form 2,2-disubstituted
acyl pyrrolidines.
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V. Experimental
General procedures
All commercially available compounds were purchased from Sigma-Aldrich, Alpha
Aesar, or Strem Chemical Companies and used as received unless otherwise specified.
Dichloroethane was distilled from calcium hydride. Boron trifluoride-diethyl etherate (BF3OEt2)
was distilled from calcium hydride. Purification of compounds by flash chromatography was
performed using silica gel (40-75 µm particle size, 60 Å pore size). TLC analyses were
performed on silica gel 60 F254 plates (250 µm thickness). Microwave-assisted reactions were
performed using a CEM DiscoverTM reactor. All 1H NMR and 13C NMR spectra were obtained
on a 400 MHz JEOL ECX instrument and chemical shifts (δ) reported relative to residual solvent
peak CHCl3. All NMR spectra were obtained at room temperature.

3-benzhydral-2,2-dimethyl-5-methyl-5-vinyloxazolidine [18]
To a round bottom flask was added 3Å molecular sieves (3) and amino alcohol 15 (1.12
mmol). 2,2-Dimethoxypropane (5 eq), dichloroethane (2.25 mL), and scandium triflate (0.15 eq)
were added and allowed to stir for 72 hours at 90 °C. The reaction mixture was purified via flash
chromatography using hexanes/ethyl acetate (85:15, v/v) followed by vacuum distillation at 110
°C to provide a yellow oil (0.168 g, 0.547 mmol, 56.0%). 1H NMR (400MHz, CDCl3) δ=1.13 (s,
6H), 1.37 (s, 3H), 2.74-2.82 (dd, J=9.16 Hz, 10.99 Hz, 2H), 4.7 (s, 1H), 5.01-5.05 (dd, J=1.37
Hz, 9.16 Hz, 1H), 5.23-5.28 (dd, J=1.37 Hz, 15.57 Hz, 1H), 5.94-6.01 (dd, J=10.53, 6.87, 1H),
7.14-7.46 (m, 10H). 13C NMR (100MHz, CDCl3) δ= 25.74, 26.38, 26.57, 60.90, 68.13, 77.32,
78.17, 95.97, 112.16, 127.00, 127.05, 127.09, 128.33, 128.44, 143.52, 143.64, 143.91.
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1-(1-benzhydryl-5,5-dimethyl-pyrrolidine-3-yl)ethanone [19]
To a flame dried round bottom flask was added 3Å molecular sieves (3) and oxazolidine
23 (0.42 mmol). Under inert gas atmosphere, freshly distilled dichloroethane (4.2 mL) was
added. Freshly distilled BF3•OEt2 was added using a gastight syringe and allowed to stir for 3
hours at 70 °C. The reaction was quenched with saturated sodium bicarbonate solution, extracted
3 times with dichloromethane, dried over MgSO4 and concentrated. The product was purified via
flash chromatography using hexanes/ethyl acetate (85:15, v/v) to provide a yellow oil (0.057 g,
0.185 mmol, 55.9%). 1H NMR (400MHz, CDCl3) δ=0.95 (s, 3H), 0.99 (s, 3H), 2.77-2.82 (dd,
J=8.70 Hz, 9.16 Hz, 1H), 2.92-3.02 (m, 1H), 2.13 (s, 3H), 2.78-2.82 (dd, J=9.70 Hz, 9.16 Hz,
1H), 2.92-3.01 (m, 2H), 4.87 (s, 1H), 7.24-7.35 (m, 5H). 13C NMR (100MHz, CDCl3) δ=24.14,
26.56, 28.49, 43.77, 47.84, 51.42, 61.45, 66.55, 126.74, 126.77, 128.14, 128.18, 128.62, 128.81,
143.93, 144.17, 209.5.

3-(S)-(-)-1-phenylethylamine-2,2-dimethyl-5-methyl-5-vinyloxazolidine [43]
To a round bottom flask was added 3Å molecular sieves (3) and amino alcohol 40 (0.934
mmol). 2,2-Dimethoxypropane (5 eq), toluene (1.2 mL), and tosic acid (0.3 eq) were added and
allowed to stir for 72 hours at 90 °C. The reaction mixture was purified via flash chromatography
(without concentrating the reaction mixture) using hexanes/ethyl acetate (85:15, v/v) to provide a
yellow oil (0.1012 g, 0.413 mmol, 53.4%). 1H NMR (400MHz, CDCl3) δ=1.08 (s, 3H), 1.331.39 (m, 6H), 2.74-2.86 (dd, J=8.70 Hz, 33.43 Hz, 2H), 2.92 (s, 2H), 3.65-3.70 (dd, J=6.87 Hz,
6.41 Hz, 1H), 4.99-5.02 (dd, J=1.83 Hz, 9.16 Hz, 1.37 Hz, 1H), 5.20-5.25 (dd, J=1.37 Hz, 16.03
Hz, 1H), 5.93-6.00 (dd, J=10.99 Hz, 6.41 Hz, 10.53 Hz, 1H), 7.20-7.36 (m, 9H). 13C NMR
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(100MHz, CDCl3) δ=23.44, 25.47, 26.12, 26.63, 38.04, 57.28, 60.10, 77.31, 95.42, 112.06,
126.00, 126.86, 127.18, 128.31, 128.42, 128.54, 141.88, 144.01, 146.44.

1-(1-(S)-(-)-1-phenylethylamine-2,2-dimethyl-pyrrolidine-3-yl)ethanone [44]
To a flame dried round bottom flask was added 3Å molecular sieves (3) and oxazolidine
43 (0.18 mmol). Under inert gas atmosphere, freshly distilled dichloroethane (1.8mL) was added.
Freshly distilled BF3•OEt2 was added using a gastight syringe and allowed to stir for three hours
at 70 °C. The reaction was quenched with saturated sodium bicarbonate solution, extracted 3
times with dichloromethane, dried over MgSO4 and concentrated. The product was purified via
flash chromatography using hexanes/ethyl acetate (85:15, v/v) to provide a yellow oil as a
mixture of diastereomers (0.0538 g, 0.219 mmol, 83.0%). (Major) 1H NMR (400MHz, CDCl3)
δ=.89 (s, 3H), 1.15 (s, 3H), 1.37-1.39 (d, J=3.59 Hz, 3H), 1.87-1.95 (m, 2H), 2.13 (s, 3H), 2.903.06 (m, 3H), 3.81-3.84 (q, J=6.87 Hz, 1H), 7.16-7.35 (m, 5H). 13C NMR (100MHz, CDCl3)
δ=21.47, 21.80, 23.30, 24.80, 25.20, 26.39, 26.95, 27.91, 28.67, 36.75, 43.63, 43.71, 47.84,
48.02, 49.06, 49.82, 55.33, 55.85, 60.74, 61.09, 126.49, 127.26, 128.13, 128.17, 128.60, 146.70,
209.75.

31

VI. References
[1] Haider, S.; Saify, Z.; Begum, N.; Ashraf, S.; Zarreen, T.; Saeed, S. World Journal of
Pharmaceutical Research 2014, 3, 987-1024.
[2] Gonda, J.; Zavacka, E.; Budesínsky, M.; Císarova, I.; Podlaha, J. Tetrahedron Lett. 2000, 41,
525-529, and references cited therein.
[3] (a) Naito, R.; Yonetoku, Y.; Okamoto, Y.; Toyoshima, A.; Ikeda, K.; Takeuchi, M. J. Med.
Chem. 2005, 48, 6597-6606; (b) Hegde, S.; Schmidt, M. Annu. Rep. Med. Chem. 2006, 41, 439477.
[4] Sakamoto, K.; Tsujii, E.; Abe, F.; Nakanishi, T.; Yamashita, M.; Shigematsu, N.; Izumi, S.;
Okuhara, M. J. Antibiot. 1996, 49, 37–44.
[5] Overman, L. E.; Kakimoto, M.-A. J. Am. Chem. Soc. 1979, 101, 1310.
[6] For reviews of the aza-Cope rearrangement—Mannich cyclization and related reactions, see
(a) Overman, L.; Ricca, D. Comprehensive Organic Synthesis 1991; 8, 1007-1046; (b) Overman,
L. Acc. Chem. Res. 1992, 25, 352; (c) Overman, L. E. Aldrichimica Acta 1995, 28, 107; (d) C
Bonin, M.; Micouin, L. Chem. Rev. 2004, 104, 2311; (e) Overman, L. E. Tetrahedron 2009, 65,
6432. (d) Overman, L. E.; Humphreys, P. G.; Welmaker, G. S. Organic Reactions 2011; 75,
747–820.
[7] Overman, L.; Trenkle, W. Isr. J. Chem. 1997, 37, 23
[8] Overman, L.; Shim, J. J. Org. Chem. 1993, 58, 4662–4672.
[9] Belov, D. S.; Lukyanenko, E. R.; Kurkin, A. V.; Yurovskaya, M. A. J. Org. Chem. 2012, 77,
10125–10134.
[10] Jacobson, J.; Levin, J.; Overman L. J. Am. Chem. Soc. 1988, 110, 4329
[11] Overman, L. E.; Humphreys, P. G.; Welmaker, G. S. Organic Reactions 2011, 747–820.

32

[12] Carlier, P. R., Hsu, D. C. and Bryson, S. A. (2010) Self-Regeneration of Stereocenters
(SRS) via Stereolabile Axially Chiral Intermediates, in Stereochemical Aspects of Organolithium
Compounds: Topics in Stereochemistry, 2010, 26, 53-92.
[13] Agami, C.; Cases, M.; Couty, F. J. Org. Chem. 1994, 59, 7937
[14] Agami, C.; Couty, F.; Puchot-Kadouri, C. Synlett 1998, 5, 449–456.
[15] Agami, C.; Couty, F.; Lin, J.; Mikaeloff, A.; Poursoulis, M. Tetrahedron 1993, 49, 7239–
7250.
[16] Agami, C.; Couty, F.; Lin, J.; Mikaeloff, A. Synlett 1993, 5, 349–350.
[17] Deng, W.; Overman, L. E. J. Am. Chem. Soc. 1994, 116, 11241–11250.
[18] Danielle St. Germaine, Sherif Hassanian Unpublished Results.
[19] Overman, L. E.; Kakimoto, M.; Okazaki, M.; Meier, G. P. J. Am. Chem. Soc. 1983, 105,
6622.
[20] Desai, H.; D'Souza, B. R.; Foether, D.; Johnson, B. F.; Lindsay, H. A. Synthesis 2007, 902
[21] Bulman Page, P. C.; Buckley, B. R.; Elsegood, M. R. J.; Hayman, C. M.; Heaney, H.;
Rassiass, G. A.; Talib, S. A.; Liddle, J. Tetrahedron 2007, 63, 10991.
[22] Johnson, B. F.; Marrero, E. L.; Turley, W. A.; Lindsay, H. A. Synlett 2007, 893
[23] Lee, J. J.; Kraus, G. A. Tetrahedron Lett. 2013, 54, 2366–2368.
[24] Fu, G.; Grubbs, H. J. Am. Chem. Soc. 1992, 114, 7324-7325
[25] Tiffiny Micyus, unpublished results
[26] Ian Pendleton, unpublished results.

33

